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Abstract—Computer aided method of obtaining the analytical empiric formula in the polynomial form to
determine the torque coefficient with the rotor similarity parameters such as the Reynolds number, the
aspect ratio, the buckets overlap ratio and the tip speed ratio was created. Polynomial coefficients were
derived from the solution of linear algebraic equations system built on the base of the least-square me-
thod. Initial amount of data was taken by digitizing the charts with the wind tunnel tests results obtained

for Savonius rotors.

Index Terms—aerodynamics; digitizing; least-square method; multidimensional approximation poly-

nomial; Savonius rotor.
I. INTRODUCTION

It is known that the empirical methods give aver-
aged characteristics, are simple and may be success-
fully used in the prototype design and at the prelimi-
nary stage of various designing processes. In spite of
having restricted area of application they also may
be used in designing the rotors of vertical axis wind
turbines in particular of Savonius rotors.

II. REVIEW OF EXISTING APPROACHES

There are several approaches among the empiri-
cal methods of calculating the aerodynamic charac-
teristics of wings and blades (buckets) of wind tur-
bines.

The empirical expression for the power coeffi-
cient (efficiency) of the Savonius rotors was ob-
tained by the authors in [1] conducting their experi-
ments and others’ ones [2] resulting in
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where C, is the power coefficient; C

»m 1S the max-

imal value of power coefficient; A is the tip speed
ratio; A, is the tip speed ratio providing the value of

C,, ; A, is the autorotation (windmilling) tip speed
ratio. As it was shown in [1] the values of A, and
A, depend on specific geometric parameters of ro-

tors and airflow conditions.

Tip speed ratio is the complex parameter present-
ing the ratio between the circumferential tip velocity
®R and the incoming wind flow speed V:

R
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where o is the rotational (angular) speed of rotor; R
is the rotor bucket radius.

III. TASK STATEMENT

The power of rotor depends on the several factors
as the incoming wind speed V, the angular speed o,
the air density p, cinematic coefficient v of the air
viscosity, the number N of blades, the height H of
the rotor, the form and geometry of the blades:

P=f(V,w,p,v, N, H, form, geometry).
The air viscosity depends on temperature ¢:
v=f(1).

As it is well-known the air density depends on
the atmospheric pressure p, the temperature ¢ and the
relative humidity o:

p=1.(p.1,9).

As usually the effects from the pressure and the
humidity changes to rotor torque and power are neg-
ligible at the definite place above the sea level.

For the conventional Savonius rotor (Fig. 1) we
have the multidimensional dependence:

P=f(V,o,p,v,N,H,d,s),

where d is the bucket chord; s is the overlap between
the buckets.

Our goal is to obtain the definite expression with
definite dimensionless parameters. On the other
hand the aerodynamic power P and the torque Q on
the rotor axis may respectively be written as follows:
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P=C,pHRV®, Q=C,pHRV?,

where C, is the torque coefficient.

Fig. 1. Savonius rotor with the two buckets (N =2).
D is the diameter (D = 2R); D, is the end plate diameter;
e is the gap (accepted as e = 0)

As it is known relations between the power and
the torque and also between their coefficients are

P=Qw; C,=C,\.

From the analyses of the several experimental re-
sults [3], [4] the following dimensionless parameters
of Savonius rotors were chosen: the Reynolds num-
ber Re (traditionally used for the low speeds of the
airflow); the aspect ratio of the bucket 4R=H/D

regarding it as a complex wing; the overlap ratio
between the buckets =s/d (traditionally used for

the Savonius rotor) and the tip speed ratio A as the
complex parameter.

The Reynolds number of the airflow is

Re= Kl R
\Y

where / is the reference length (usually it is the
diameter D of the rotor).

The rotor radius is calculating by the equation:

R=d(1-B/2).

Thus we formulate the task statement: it is ne-
cessary to find an analytical formula expressing
non-linear and multidimensional dependence of the
torque coefficient C, with the four dimensionless

parameters of the Savonius rotor:
C, = f(Re, AR, B, 1)

IV. DIGITIZING THE CHARTS

Suppose we have the definite experimental set of
function values with theirs mentioned above four
parameters.

Usually the experimental data are presented by
charts. Create a bitmap type file of the charts. Open
the bitmap file. Do the maximum scale of the pic-
ture. Find the graphic coordinates in the left-bottom
(X,,Y)) right-top (X,.Y,), left-top (X;,Y;) and
right-bottom ( X, , Y, ) corners.

The graphic field may not be a rectangle one:

X zX;vX,zX, v zY,vY, 2Y,.

Then we calculate the extreme points coordinates:

x —XtX _ Kt X,
min 2 > max 2 9
, L+, L+
min 2 > max 2

Write from the chart the tests extreme points
coordinates as:

X

min ° xmax s ymin s ymax *

Middle point coordinates:
Y - X+ X, + X5+X,
¢ 4 T 4

Xoin TX :ymin+ymax
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2 s yC 2
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Find the scales of coordinates:

(y max_ymin)
(Y Ymin) ‘

Get the graphic coordinates (X,Y) of the expe-

kX — ('xmax_'xmin) . ky —

(Xmax_Xmin), max

riment.
Then the physical (real) coordinates of the chart
function and its parameter:

V=Y +(YC —Y)ky;

V. DESCRIPTION OF METHOD

x=x0+(X - X )k,

From the analysis of experimental data [3], [4] it
is supposed that the functional dependences of C,

with the parameters Re and AR are near to straight

lines and the rest ones with B and A are near to the

quadratic and the fourth order parabolas respectively.
Introduce the notations:

y=Cy, x=Re, x,=4R, x,=B,

Xz{x],x2,x3,x4}.
Polynomials still give lots of flexibility. Thus
such a multidimensional function in the form of the

fourth-order tensor product polynomial in X is pro-
posed:
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Use the least-square method to define the un-
known coefficients @, ;,

i[F(Xl.)—yi]z > min , )

where 7 is the number of tests.

We have the four-dimensional space of parame-
ters. The proportional transforming of the tests pa-
rameters into this multidimensional unit hypercube
is done. The partial derivatives of this expression

with respect to the unknown coefficients a, , , give

the system of linear algebraic equations to be solved.
VI. DISCUSSION OF RESULTS

The suitable computer aided algorithm was pro-
duced for digitizing the tests data, building and solv-
ing the equations system by the Gauss method. The
highest order of the polynomial (1) is 8. Traditionally
the low order powers are more important. Actually
the high order powers bring larger derivations in the
extrapolating situations. So, the fourth order poly-
nomial was chosen, simultaneously taking into ac-
count (2). It means that we must take in the formula
(1) only the definite degrees satisfying the condition:

i+j+k+m<4.

Therefore we obtained polynomial with 36 coef-
ficients. In Figure 2 the comparison with the wind
tunnel results [5] was presented.

An example to be calculated had the parameters:

V=4m/s; o=8rad/s; t=20°C;
p=1.205 kg/m’; v=1.506-10" m’/s;

N=2; H=15m; d=05m; s=0.075 m.
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Fig. 2. Torque coefficient (/) and efficiency (2) for:
Re=4.12-10°; AR =1.575; B=0.1

Define the overlap ratio: p=0.075/0.5=0.15.
The rotor radius: R=0.5(1-0.15/2)=0.4625 m.

The diameter and the reference length:
D=1=2-04625=0.925m. The aspect ratio:
AR=1.5/0.925=1.622. The Reynolds number:
Re:4-0.925/(1.506-10’5):2.46-105. The tip

speed ratio: A =8-0.4625/4=0.925. The torque
coefficient by the polynomial: C, =0.289. The tor-
0=0289-1.205-1.5-0.4625" -4° =1.78N - m.
The power coefficient (efficiency) of the rotor:
C,=0.289-0925=0.267. The rotor power:
P=1.78-8=14.3I.

VIL

que:

DESCRIPTION CONCLUSIONS

The dimensionless parameters describing the air-
flow with the Savonius rotors has been chosen.

The computer aided simple algorithm was done
to find the polynomial coefficients using the least-
square method on the base of experimental tests
data. The analytical empiric formula was obtained to
determine the torque coefficient with the rotor para-
meters as the Reynolds number, the rotor aspect
ratio, the buckets overlap ratio and the rotor tip
speed ratio.

The operation of digitizing the charts with the da-
ta derived from the wind tunnel tests of the Savonius
rotors was added into the algorithm.

The method for obtaining the analytical expres-
sion to determine the torque and power coefficients
may be used for the parametrical optimization in the
prototype design, at the preliminary stage of the
computer aided design or for verification of some
method calculating the aerodynamic characteristics
of the Savonius rotors.
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A. A. 3iranmmz. Meton nmapamerpiB noai0HocTi /151 004HCJEHHSI aePOAMHAMIYHMX XapaKTepPHUCTHK POTOPiB
Casomniyca

CTBOpEHO KOMIT IOTEPHUI METOJ JUIsi OTPUMaHHS aHAJIITHYHOI eMIipHYHOI (GOopMyau B (GopMi MOMiHOMA JJIsi BU3HA-
YeHHs Koe]ilieHTy 00epTallbHOr0O MOMEHTY B 3aJISKHOCTI BiJl TapaMeTpiB MOMIOHOCTI pOTOpPY, TAaKUX SIK YHCIo PeliHo-
JbJCa, BIMHOCHA NOBXKMHA, BIJHOCHE MEPEKPUTTS JIOMATEH Ta IMIBHAKOXiAHiICTh. KoedilieHTH MONiHOMa OTpUMaHO
PO3B’SI3aHHSAM CHCTEMH JIiHIHUX anreOpaidHUX piBHSHb, MOOYIOBaHUX Ha OCHOBI METOAY HalMEHIIMX KBaJpaTiB.
OOcsr BUXIHUX JaHUX B3SATHUH HUIIXOM olUdpyBaHHS rpadikiB 1Mo pe3yibpraTaM BUIPoOyBaHb poTopiB CaBoHiyca B
aepoJMHaMIYHHX TpyOax.

Karouosi cioBa: aepoqunamika; onudpyBaHHs; METO HAMEHIIUX KBaJpaTiB; MOJIHOM 0araToBUMIpHOI alpOKCUMa-
1ii; porop CaBoHiyca.
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